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Many investigators have reported that an inhibitory action of sympathomimetic amines on stomach smooth muscle is mediated by both a and s-receptors: the rabbit (4, 8) , the rat (10, 13, 17) , and the guinea-pig (1, 2) . On the other hand, in isolated human stomach muscle, the inhibitory effect is mediated only through the a-receptor (7, 9) .
It has also been shown recently that stimulation of the a-receptor produces excitatory responses in the rabbit intestine (3) , in the rat colon (5) , in the rat stomach (10, 13) , in the rabbit stomach (8) , and in the guinea-pig stomach (2, 7).
In the guinea-pig stomach, pharmacological properties of circular muscle are quite different from those of longitudinal muscle, for example, as in the response to 5-hydroxy tryptamine (5-HT) (18) . Such being the case, the present experiments were aimed at in vestigating possible differences between these two muscles regarding response to cate cholamines. It was found that the circular muscle contains a-receptors causing both relaxation and contraction and also s-receptors causing relaxation. The a-receptors causing both responses dominated in the circular muscle and the C3-receptor in the longi tudinal muscle.
Since it is known that, in the guinea-pig ileum, stimulation of the a-receptors located on the nerve terminals reduces acetylcholine release (11, 15, 16) , this effect was also examined in the guinea-pig stomach by observing mechanical responses caused by electrical stimula tion of excitatory and inhibitory nerves. The results suggested that acetylcholine release T. Yq:M1AGLJCHI & T. TOMITA may be suppressed by activation of the a-receptor, as reported for the ileum, both in the longitudinal and the circular muscle.
MATERIALS AND METHODS The methods used were as previously described (18) . The stomach of guinea-pigs of both sexes weighing 250-350 g was used. Strips of circular muscle (2 mm width, 25 mm length) were dissected at a right angle to the blood vessel of the greater curvature, and those of longitudinal muscle, with the same dimensions along the greater curvature. Under stereo-microscope the mucous membrane was removed from these muscle strips.
The preparation was suspended in a 5 ml organ bath. The strips were equilibrated in the organ bath for about one hr before the start of experiments. The tension was re corded isometrically with a strain gauge transducer and a potentiometric pen-recorder. Drugs were injected into the organ bath, so that the drug concentration was maintained only transiently after injection and then gradually diluted by a constant flow of Krebs solution. The blockers were applied for 10-15 min before catecholamine application, and their concentration, were maintained constant throughout. Krebs solution used in all experiments had the following composition (mM): NaCI 120., KCl 5.9, C aC12 2.5, NaH2PO4 1 .2, NaHCO3 15.5, glucose 11.5. A gas mixture of 97 02 and 3 CO2 was bubbled through the solution which was kept at 32°C.
Preparations were stimulated between two Ag-AgCI electrodes placed at opposite ends of the organ bath. Single stimuli were applied with pulses of 0.1 to 10 msec dura tion. For repetitive stimulation, the pulse duration was set at 0.1 to 0.5 cosec at 10-30 Hz, for periods of 3 sec. The stimulation voltage was set at supramaximal and stimuli were delivered with an interval of 2-3 min.
Drugs used were adrenaline hydrochloride, tetrodotoxin citrate and noradrenaline hydrochloride (Sankyo Seiyaku), isoprenaline hydrochloride (Kaken Chemicals), phentol amine mesylate (Takeda Seiyaku), propranolol hydrochloride (Sumitomo Chemicals), and hyoscine butylbromide (Boehringer Ingerheim). All doses refer to the salts. The drugs were dissolved in Krebs solution just prior to use.
RESULTS

Responses to catecholamines
Circular muscle.
In some preparations, when the adrenaline concentration was in creased from 5 10-s to 10-5 g/ml, the response pattern changed as shown in Fig. 1 .
A monophasic excitation was seen at low concentrations, but a biphasic response with initial inhibition followed by excitation was produced at high concentrations. The pre sence of tertodotoxin (10-' g/ml) and hyoscine (10-e g/ml) did not modify the response pattern to adrenaline, suggesting little contribution of nervous factors in these responses, as has been previously suggested (2, 6, 8) .
However, in most preparations, the responses to catecholamines were essentially the same when the concentration was higher than 10-1 g/ml. The responses could be clas Table 1 for the three catecholamines at l0_6 g/ml.
The most typical response of the circular muscle to adrenaline was an initial rapid and short-lasting relaxation followed by a large contraction, which decreased slowly with in 10-15 min. This response was classified as type II (63%.j. Type I response was cha racterized by contraction only (34%) whereas type III response by relaxation only (3'/),()).
During the excitatory response to catecholamines, the frequency and the amplitude of the spontaneous activity was sometimes slightly increased.
On the other hand, the spon taneous activity was suppressed in magnitude during the inhibitory phase, but the fre quency remained more or less constant. tion, but in preparations with high basal tension a large relaxation was produced, as pre viously described (8) . The response pattern, however, remained the same when the basal tension was changed during the course of experiment, in contrast with the finding in the longitudinal muscle of rabbit stomach by this same author. This is illustrated in Fig. 4 , where effects of an increase in basal tension by carbachol (1-5 x 10-11 g/ml) on the response pattern to adrenaline (10-s g/ml) were studied. In the preparation showing type II re sponse (a), an increase in relaxation phase was the main change after carbachol applica tion (b), while in the preparation showing type I response (c), the same monophasic response was still observed even after the basal tension was increased by carbachol (d).
Noradrenaline (10-8-10-s g/ml) produced responses similar to those produced by adrenaline, although type I and type III were more frequent than type II, as listed in Table   1 . On the other hand, isoprenaline produced only relaxation (type 111) in most circular muscles. The relationship between the magnitude of relaxation caused by isoprenaline (10-'-10-1 g,/ml) and the basal tension was the same as with adrenaline, as shown in Fig.  3b , except that the responses to isoprenaline were larger and longer.
Longitudinal muscle. The most frequently observed response of the longitudinal muscle to catecholamines was type Ill, i.e. a simple relaxation, as shown in Fig. 2 and in Table 1 . With a concentration of l0-s g/ml, the type I response was produced in only 2 out of 51 preparations with adrenaline. Noradrenaline or isoprenaline always produced the type III response. When the concentration was low (10-8-10 g/ml) noradrenaline and adrenaline often produced the type 11 response, but isoprenaline exclusively the type was reduced by propranolol (10-6 g/ml) by 95% (n=20), but not by phentolamine (l0_6 g/ml). Following propranolol (10-6 g/ml) isoprenaline caused a monophasic contraction or a biphasic response. Even 30-60 min following wash out of propra nolol, contraction as the result of isopre naline administration was still being pro duced (Fig. 7) .
Longitudinal muscle. In the type II response, with initial relaxation followed FIG. 7 . Effects of isoprenaline (10-7 g/ml, iso) on circular muscle. In b, propranolol (5 x 10-7 g/ml, prop) was applied for 20 min prior to isoprenaline administration.
In the presence of propranolol, isoprena line caused contraction, instead of relaxa tion. Even at 30 min after washing out propranolol, isoprenaline produced con traction (c) . (left) and propranolol (10-6 g/ml) (right) on responses of longitudinal muscle to adrenaline (10-6 g/ml). White column : control ; shaded column : responses after blocker treatment, expressed as percen tage of basal tension (positive : contrac tion ; negative : relaxation). After phen tolamine treatment, 6 out of 10 prepara tions showed monophasic relaxation and 4 preparations biphasic response (relaxa tion followed by contraction). & T. TOMITA by excitation, phentolamine reduced the excitatory phase to 10% of the control (Fig. 8) , sometimes converting to monophasic relaxation (2 out of 5). The monophasic relaxation caused by adrenaline (type III) was suppressed by propranolol, but it was often increased by phentolamine, as shown in Fig. 5c and d . In 4 out of 6 preparations type III responses were converted to type 11 responses by propranolol (Fig. 8) . The responses to noradrenaline were similarly affected by the blockers. Relaxation caused by isoprenaline (10-7-10-6 g/ml) was often converted to excitation by propranolol, as in the circular muscle. Phentolamine only occasionally suppressed the relaxation of type II response but it usually had no significant effect on the relaxation, particularly of type III response. However, the spontaneous mechanical activity, and the changes in tension caused by cate cholamines were not influenced as previously reported (2, 8) . Hyoscine (10-6 g/ml) blocked the evoked contraction, often increasing the relaxation. Eserine (5 x 10-11 -10-9 g/ml) caused a remarkable increase in basal tension and potentiation of the evoked contraction.
During the exposure to eserine, the rising phase of the evoked contraction was rapid while the falling phase was prolonged.
Effects of catecholamines on the responses to electrical stimulation All catecholamines strongly reduced or abolished the contractions produced by single or repetitive stimulation both in circular muscles (Fig. 9a, d ) and in longitudinal muscles (Fig. l0a, d ). This antagonism was independent of the type of the direct mechanical re sponse to catecholamines. The effects were reversible by washing out. The suppressing effect on the nerve mediated contraction was the strongest with adrenaline, then norad renaline and isoprenaline for the circular muscle, but the order of potency was isopre naline>adrenaline>noradrenaline for the longitudinal muscle.
On the other hand, the relaxation produced by electrical stimulation was often po tentiated during an increase in basal tension caused by catecholamines (Fig. 9a) although it was always reduced or blocked during the catecholamine relaxation (Fig. 10a) .
Modifications by blockers of catecholamine action on electrically evoked responses
In the circular muscles, phentolamine (1-2x10-6g/ml) reduced the suppressing effect of adrenaline and noradrenaline on the electrically evoked contractions (Fig. 9b and e), but it was not significantly modified by propranolol (Fig. 9c, f) . Similar results SMOOTH MUSCLE 919 FIG. 9. Effects of catecholamine on electrically induced responses and pretreatment with phentolamine and propranolol. a-c and d-f were obtained from two diffe rent preparations of circular muscle. Repetitive stimulations (30 Hz, 0.1 msec, for 3 sec) (closed circles) were delivered at 2 min intervals. The evoked con traction was suppressed by both adrenaline (10' g/ml, adr) and noradrenaline (10' g'ml, nor). Phentolamine (phent) antagonized the depression of the evoked response by catecholamines (b, e) whereas propranolol did not (2 x 10-6 g,'ml) (c, f). . Noradrenaline (10' g/ml, nor) reduced the evoked contraction (a). Propranolol (10-6 g/ml) did not affect these effects by noradrenaline (b), but phentolamine (10-6 g,/ml) antagonized the suppression of evoked contractions by noradrenaline (10' g/ml) (c). Iso prenaline (iso) (10-6 g,'ml) produced a sustained relaxation and reduced the evoked contractions (d). Propranolol (2 x 10-6 g,%ml) blocked the relaxation and antagonized the suppression of evoked response by isoprenaline (e). & T. TOMITA were obtained in the longitudinal muscle (Fig. 10a, b and c) .
Isoprenaline usually had a weak suppressing effect on the electrically evoked con traction accompanied by relaxation in the circular muscle. However, in most of the longi tudinal muscles isoprenaline produced a strong relaxation as described above, and greatly suppressed the evoked contraction (Fig. 10d) . The effect of isoprenaline was significant ly antagonized by propranolol (Fig. 10e) .
DISCUSSION
Changes in tension by catecholamines
In circular muscles, propranolol as well as phentolamine partly reduce the initial rapid and short-lasting relaxation of type II response caused by adrenaline and noradrenaline.
On the other hand, the prolonged relaxation of type III response in circular muscles and longitudinal muscles is strongly suppressed by propranolol, not by phenoltamine. There fore, there are two types (a and R actions) of relaxation in the guinea-pig stomach, as pre viously reported (2) . The proportion of a and Q receptors is different between the cir cular and longitudinal muscles, the response to a-receptor stimulation being most readily observed in the circular muscle. Furthermore, isoprenaline is most potent in stimulat ing the 8-receptor; and it may not stimulate the a-receptor responsible for relaxation since the relaxation caused by isoprenaline is not reduced by phentolamine. Evidence of a and (3 relaxation has also been found in the rabbit stomach (4, 8, 12) and in the rat sto mach (13) .
Although there are reports on the excitatory action of catecholamines mediated by the a-receptor in the stomach muscles (rat : 10, 13; guinea-pig: 2, 7), there are apparently no detailed studies related to the difference between circular and longitudinal muscles.
In the present study, circular muscle contraction was produced by adrenaline and norad renaline at a concentration of 10-11g/ml in 97% and 79% of preparations respectively.
On the other hand, in the longitudinal muscles, the contraction was observed in only 30
(adrenaline) and 4 % (noradrenaline). These results suggest that the a-receptor, responsi ble for contraction, is also dominant in the circular muscle.
Isoprenaline produced mostly relaxation in circular muscle and exclusively in longi tudinal muscle. Following propranolol treatment, isoprenaline caused a biphasic re sponse or a monophasic contraction instead of a relaxation. This finding may be the result of unmasking of an a-action.
When catecholamine concentrations are lower than 10-6 g/ml, contraction is more frequently observed in both circular and longitudinal muscles, as observed in the human stomach (9) and in the rabbit stomach (8) . Therefore, the proportion of responses me diated through the a and 8-receptors varies with the concentration of catecholamines. This is probably due to the fact that the threshold for activation of the a-receptor is lower than that for activation of the 8-receptor, and that the relaxation effect, when it appears, is stronger than the contracting effect. Contraction, mediated by the a-receptor, is also produced at a lower concentration than the initial transient relaxation which is also me
diated by the a-receptor.
In experiments on the isolated whole stomach, noradrenaline and adrenaline pro duced mainly the inhibitory response, i.e. reduction of intraluminal pressure (guinea-pig, kitten, rat and mouse: 6, 14). These differences in the effects of catecholamines between strip and whole stomach preparations may be explained by assuming that the relaxation of the longitudinal muscle layer is more significant than contraction of the circular mus cle in causing pressure changes in the whole stomach in response to catecholamines. The other possibility is that in the experiment using whole stomach the basal tension of smo oth muscle may be kept high so that relaxation would be more easily detectable than con traction.
The direct response of muscles to 5-HT which relaxes the circular muscle and con tracts the longitudinal muscle (18) is exactly opposite to that caused by 10-8 g/ml adrenal ine and noradrenaline. Therefore, it is rather difficult to reconcile with the idea that con traction by catecholamines is mediated through 5-hydroxytryptamine receptors (guinea pig ileum, 10). Furthermore, the effects of 5-HT are not altered by the adrenergic blockers and those of catecholamines are not modified by methysergide or lysergic acid diethyl amide (unpublished observations), in agreement with the observations on rat stomach (13) .
Effects of catecholamines on nerve mediated response
The a-receptors appear to be located in cholinergic nerves in the ileum of the guinea pig, since their activation results in a decrease in acetylcholine release from the nerves (11, 15, 16) .
Since the contraction in longitudinal and in circular muscles of the guinea-pig sto mach produced by electrical stimulation is suppressed by atropine or hyoscine (18) , this response is mediated by cholinergic nerve fibers. Noradrenaline and adrenaline suppress the nerve mediated contraction, and this suppression is blocked by phentolamine but not by propranolol. Thus, the suppressive action of catecholamines is probably due to the fact that acetylcholine release is prevented by activation of the a-receptor located in the cholinergic nerves, such as was observed in the ileum (11).
This idea is also supported by the evidence that the remarkable potentiation of nerve mediated contraction by 5-HT, which is a result of potentiation of acetylcholine release (18) is strongly suppressed by noradrenaline or adrenaline (unpublished observation).
The suppression of evoked contraction by isoprenaline observed particularly in the longitudinal muscle is probably not due to the effect on nervous elements but rather is a direct action on the muscle reducing the responsiveness to the transmitter, as our un published observations revealed that response to acetylcholine is also greatly reduced dur ing isoprenaline application.
